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Abstract 
on parts still poses a challenge due to rising demands in geometric 
accuracy and productivity. Shape deviations mainly arise due to thermal expansions during cutting and machining induced residual 
stresses. The importance of residual stresses strongly increases when machining thin-walled components. As a consequence, in 
order to meet higher standards, the industrial manufacturing of such components will require predictive compensation strategies for 
the combination of thermal effects and residual stresses. This work presents a new concept for the development of such 
compensation strategies for face milling of steel. In this research the effects of machining induced residual stresses (source stresses) 
are described by effective source stresses. They can be calculated directly from the distortion of machined specimens and represent 
the distortion potential of the face milling process for a given set of machining parameters. For the first time a newly developed 
calculation method allows the inclusion of torsion source stresses responsible for a twist of the machined workpieces as well as 
bending source stresses in two directions. This procedure enables a full mathematical description of workpiece deformations due to 
source stresses. Numerical studies have proven a feasible utilisation of experimentally obtained source stresses as input for finite-
element-simulations. Subsequently both mechanisms leading to shape deviations, thermal expansion and deformations due to 
residual stresses, are superimposed by combining results from source stresses simulations and simulations of a moving heat source 
representing the thermal input of the machining process. 
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1. Introduction 
In advanced machining processes the abandonment of 
liquid coolants offers great economic and environmental 
advantages [1-2]. At the same time, the quality of the 
machined parts must be maintained. In dry machining 
this task can only be achieved with an approach where 
the functions of cooling lubricants are either substituted, 
e.g. reduction of friction by employing tool coatings [3], 
or governed by suitable compensation strategies [4-5]. 
Apart from higher friction, the absence of coolants leads 
to an increase in temperature in the cutting zone and the 
surrounding material. Inevitably, higher temperatures 
lead to an alteration of the machining result related to 
varying material removal due to thermal expansion as 
well as formation of machining induced residual 
stresses. 
Several authors found shape deviations due to thermal 
expansion of workpiece and tool during machining [6-7]. 
In order to predict thermal expansions, the finite element 
method (FEM) is commonly used [8]. This method 
requires boundary conditions like convective flow of 
heat and most importantly the heat input caused by the 
metal cutting which has to be determined experimentally 
[9]. 
Another outcome of metal cutting is the introduction 
of machining induced residual stresses [10]. Depending 
on the rigidity of the workpiece, residual stresses can be 
dominant in regard to distortion [11-12]. Although 
models for the prediction of residual stresses exist 
[13-14] and calculation of resulting shape deviations is 
possible [15] this method did not generally prevail. The 
major drawback is the high cost of in-depth residual 
stress measurements.  
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A very efficient solution for this problem is the 
utilisation of effective source stresses. They are derived 
from measured shape deviations and therefore directly 
represent the distortion potential of plastically deformed 
surface layers generated during cutting. However the 
actual residual stress state is reflected only to a certain 
extent. 
Brinksmeier and Sölter determined source stresses for 
surface grinding of spheroidized SAE 52100 steel. The 
source stresses were used to calculate shape changes in 
grinding of linear rail guides [16-17]. 
The effects of thermal expansion of the workpiece 
during machining as well as machining induced residual 
stresses haven been investigated by several authors in 
the past. Although scientific research for both discussed 
mechanisms of shape deviations are known from 
literature the combination of both in a detailed analysis 
is considered to be a novelty. 
2. Objectives and procedure 
The main objective of the presented work is to 
develop an FEM based hybrid model capable of 
predicting shape deviations due to two dominant effects: 
 
1. Plastically deformed surface layers initiating 
source stresses (sub-model 1). 
2. Varying material removal due to thermal 
expansion during machining (sub-model 2). 
 
comprises two separate 
sub-models. Each sub-model consists of a linear 
regression model and a Finite Element Model. The linear 
regression models are used to determine process specific 
boundary conditions for the FE simulations which are 
used to calculate shape deviations. The regression 
models contain analytical equations for each boundary 
condition required. The coefficients for each equation 
must be determined experimentally. 
Finally geometrical data from each sub-model are passed 
to a third FEM model which constitutes the hybrid 
model (Figure 1). 
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Fig. 1. Composition of the hybrid model 
The present work`s focus lies on shape deviations due 
to source stresses (sub-model 1) and the superposition of 
both sub-models. Detailed documentation on the 
determination of heat input parameters for sub-model 2 
are available from previous publications [18-19]. 
2.1. Calculation of effective source stresses 
From plate theory it is known that bending moments 
acting on a thin plate are associated with a particular 
curvature (Figure 2). 
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Fig. 2. Bending moments acting on a thin plate 
The mathematical relation between plate curvature 
and specific bending moments based on Kirchhoff can 
be expressed as follows [20]: 
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where K is the plate stiffness, w the displacement 
along the z-axis,  Poisson`s ratio, E the modulus of 
elasticity and T the plate thickness.  
 
If one assumes that constant effective source stresses 
act on the machined surface and up to a penetration 
depth z0 the resulting specific bending moment M can be 
calculated as follows (Figure 3): 
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Fig. 3. Bending moment on a two dimensional beam resulting from 
effective source stresses 
The combination of equations 1-4 and equation 6 
yields the calculation formula for source stresses for the 
two dimensional case of a thin plate: 
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where source.x and source.y are source stresses acting 
along the x-axis and y-axis respectively and source.xy is a 
torsion source stress responsible for a twist of the thin 
plate resulting from the torsional moment Mxy=Myx 
(Figure 2). A modulus of elasticity E = 212 GPa, a 
Poisson`s ratio of  = 0.3 and a plate thickness of 
T = 6 mm were used for the calculations. 
2.2. Experimental procedure 
Workpieces made of 42CrMo4 were normalised and 
premachined to a length l = 150 mm, a width b = 100 
mm and a thickness T = 6 mm + ap, where ap denotes the 
depth of cut used in the subsequent milling experiments. 
After premachining, the workpieces were again 
normalised to minimize the influence of premachining 
operations on the residual stress state. 
The milling experiments were conducted in 
up milling mode with feed direction along the width of 
the workpiece. For each cut the cutter was set back in 
feed direction and shifted along the workpiece length 
according to the width of cut ae. This procedure was 
repeated until the whole upper workpiece surface was 
machined.  
For the milling experiments an indexable shoulder 
face mill with a cutting diameter of 25 mm and a tool 
cutting edge angle of 90° was used. The four indexable 
inserts are made of Titanaluminiumnitrid coated (PVD) 
tungsten carbide. During the experiments, the cutting 
inserts were replaced after machining five workpieces. 
A series of 80 experiments was conducted varying 
cutting speed vc, feed velocity vf, depth of cut ap and 
width of cut ae according to a full factorial 24 design of 
experiments. Each parameter set was repeated five times 
(Table 1). 
Table 1. Design of experiments 
level vc / m/min vf mm/min ap / mm ae /mm 
- 255 2000 1 0.95 
+ 373 2800 2 12.5 
 
Figure 4 summarises the overall experimental 
procedure. 
Two coordinate measurements were performed on 
each workpiece, before and after the milling 
experiments. The measurements were taken opposite the 
surface machined during the experiments. This way the 
effect of machining induced source stresses could be 
isolated from thermal effects leading to a varying 
material removal on the machined surface. 
Each coordinate measurement provided 81 coordinate 
triplets describing the workpiece surface (Figure 5). The 
data was used to fit a quadratic surface function of the 
following type based on Reißner [21]: 
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Fig. 4. Flow diagram of experimental procedure
A weighted least squares method was applied using
the MATLAB curve fitting toolbox to determine the
coefficients numerically.
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Fig. 5. Measurement grid
In order to calculate source stresses from 
experimental data for each workpiece, curvature 
coefficients A, B and C from both coordinate
measurements were subtracted from one another. Since
the difference in shape between both measurements is
solely caused by the face milling, these differences were
used to calculate source stresses for a particular set of 
machining parameters.
It should be noted that the calculated source stresses
are effective values. Because the penetration depth z0 is
difficult to determine it is defined a priori to be 1 mm in
accordance to [16]. Although the assumed penetration 
depth z0 affects the magnitude of the calculated source
stress values the resulting bending moment remains
constant. Due to this circumstance the chosen 
penetration depth does not alter simulation results with 
respect to shape deviations.
2.3. FEM simulation approach
Finite element simulations were conducted according
to the proposed source stresses approach with the
commercial FEM-software ABAQUS Standard. 8-node
linear brick elements were used in a 3D Stress analysis
along with a modulus of elasticity of E = 212 GPa and a 
Poisson`s ratio of = 0.3. The geometrical
representation was a cuboid of length l = 150 mm, width 
b = 100 mm and thickness T = 6 mm. Figure 6 shows the 
FE-model in a deformed state. Displacements are 
amplified by a factor of 500.
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Fig. 6. Simulated shape deviations of a thin plate
As can be seen from Figure 6 the model was fully
constrained. Still the constraints were set in a way that 
the workpiece could deform freely.
The mesh used for the analyses had a constant 
element length of 500 μm along the x-axis and the
y-axis. Along the z-axis the element length decreased 
from 1000 μm to 150 μm leading to a total of 728.000
elements.
The source stresses were applied to the upper side of 
the model by defining an initial stress field using the 
build in subroutine SIGINI. The penetration depth z0
was ensured by utilisation of the COORDS variables
passed into the subroutine.
The simulation results were evaluated using the node 
displacements of the lower surface of the model in a
least squares method to fit a quadratic area function
according to equation 10. This procedure allowed a
direct comparison to measured shape deviations.
3. Results and discussion
Evaluation of the experimental programme indicates
a strong dependence of the studied machining
parameters on workpiece deformation and thus, on the 
machining induced source stresses. Contrary to [16]
where source stresses were obtained for a thermally
dominated grinding process, source stresses for face 
milling are predominantly compressive (Figure 8 - 9). 
This is apparent since the formation process of source
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stresses is believed to be influenced by thermal and 
mechanical effects in an oppositional manner. This 
statement is further supported by the results obtained for 
the minor width of cut ae- = 0.95 mm in comparison to 
the major width of cut ae+ = 12.5 mm. For the machining 
using the minor width of cut the undeformed chip 
thicknesses lay between 0 and 0.05 mm which led to a 
rather high heat flux (energy transfer through a given 
surface) and a high heat partition to the workpiece [18]. 
For the case of the major width of cut the undeformed 
chip thickness lay between 0 and 0.18 mm which led to a 
much lower heat flux into the workpiece. Arguably 
mechanical effects were dominant, thus compressive 
source stresses were measured. 
Theoretically a milling strategy combining machining 
parameters leading to tensile and compressive source 
stresses could enable active compensation of shape 
deviations. 
Measured torsion source stresses are shown in 
Figure 10. No highly significant effects due to varying 
machining parameters could be observed. The measured 
values are small in comparison to the statistical scatter. 
Although the measured values are small the appropriate 
shape deviations in some cases may not be negligible 
since torsion source stresses lead to a twist of the 
workpiece rather than a bending. Furthermore the 
majority of the measured values were negative leading to 
a workpiece twist according to Figure 7.  
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Fig. 7. Torsion source stresses source.xy for penetration depth z0 = 1 mm 
A compensation strategy for torsion stresses would 
possibly require a reverse of the tool rotation or at least a 
change between up milling and down milling. 
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Fig. 8. source.x for penetration 
depth z0 = 1 mm 
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Fig. 9. Source source.y for 
penetration depth z0 = 1 mm 
-25
-20
-15
-10
-5
0
5
10
15
N/mm2
25
min
max
ap+ap-
ae- ae+ ae- ae+
vc- vc+
vf- vf-
vc- vc+
vf+ vf+
source.xy
So
ur
ce
 st
re
ss
es
so
ur
ce
.x
y
 
Fig. 10. Torsion source stresses source.xy for penetration depth 
z0 = 1 mm 
Initial FE-modelling was carried out according to the 
analytical approach where source stresses are active up 
to the assumed penetration depth z0 = 1 mm and drop to 
zero instantly. These simulations were supposed to 
reproduce the measured shape deviations by utilising the 
derived source stresses. The initial approach yielded a 
reasonably good agreement. The difference of curvature 
values averaged 5 %.  
In order to improve the results a modified distribution 
of source stresses was chosen. In the modified approach 
source stresses are constant up to a depth of 0.7 mm and 
decrease linearly to zero in a depth of 1.3 mm yet 
ensuring the same overall bending and torsion moments 
as in the analytical approach. With this procedure the 
expected and simulated curvature values lie within a 
band of ±1 %. This allows a precise calculation of 
workpiece deformations due to machining induced 
source stresses. 
4. Summary and conclusions 
The main objective of this work was to develop a 
hybrid model for the predictive minimisation of shape 
20   M. Gulpak et al. /  Procedia CIRP  8 ( 2013 )  15 – 20 
 
deviations via the Finite Element Method. The hybrid 
model requires two experimentally validated sub-models 
which essentially convert machining parameters into 
FE-boundary conditions. The first sub-model provides 
effective source stresses for the calculation of 
deformations due to machining induced source stresses. 
The second sub-model gives appropriate values for the 
heat input depending on machining parameters and 
position on the cutting arc. Subsequently, both effects 
are superimposed via FEM. Heat input parameters were 
determined in a previous work whereas this research 
focused on source stresses and their effects on shape 
deviations. 
The experimental determination of source stresses for 
a range of different machining parameters yielded 
interesting results. Depending on the machining 
parameters and especially on the mean undeformed chip 
thickness the bending source stresses can be tensile or 
compressive. In regard to a possible compensation of 
shape deviations this is positive since a machining 
strategy combining tensile and compressive source 
stresses could be used to eliminate bending. A 
compensation of workpiece twisting due to torsion 
source stresses requires further research. It will be 
possible if the accuracy of the measurements can be 
improved. 
Simulated shape deviations resulting from source 
stresses and those from thermal expansion can be 
superimposed. The shape deviations due to thermal 
expansion are calculated be evaluating the maximum 
displacements on the machined surface in regard to the 
nominal tool position. Overall workpiece distortion is 
calculated via addition of nodal displacements from both 
types of simulation. 
In future research the hybrid model will be used in 
combination with optimisation tools to facilitate the 
identification of optimal machining strategies. 
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